A method is proposed for separating light reflected from turbid media with a rough surface into a bulk and a surface component. Dye is added to the sample, thereby increasing absorption and canceling bulk scattering. The remaining reflected light is surface reflectance, which can be subtracted from the total reflectance of an undyed sample to obtain the bulk component. The method is applied to paper where the addition of dye is accomplished by inkjet printing. The results show that the bulk scattered light is efficiently canceled, and that both the spectrally neutral surface reflectance and the surface topography of the undyed paper is maintained. The proposed method is particularly suitable for characterization of dielectric, highly randomized materials with significant bulk reflectance and rough surfaces, which are difficult to analyze with existing methods. A reliable separation method opens up for new ways of analyzing, e.g., biological tissues and optical coatings, and is also a valuable tool in the development of more comprehensive reflectance models.
Introduction
The visual appearance of an object is determined by the way incident light is reflected and by the response of the human visual system. The spectral and angular distribution of the reflected light determines the perceived color of the object as well as appearance attributes, such as gloss. To accurately quantify reflectance characteristics, whether it is measuring the color of an object or controlling the functionality of an optical component, is of great importance in many fields. For most materials, reflected light can be separated into a surface and a bulk component. This is of interest in many cases, for example to eliminate or optimize light scattering from optical coatings used in, e.g., imaging systems and within the paper industry [1, 2] . Restoration and conservation of art, where the bulk scattered light can be used to identify pigments [3] , and studies of the transparency of the cornea for early detection of edema [4] are other examples.
Another reason for separating bulk and surface reflectance is to enable comparisons of reflectance models with measurements. Surface reflectance can be described by physical (wave) optics or by geometrical (ray) optics if the wavelength of the incident light is small compared to the dimensions of the surface roughness. Bulk reflectance on the other hand, is affected by absorption and the homogeneity of the material, and often affects the spectral composition of the reflected light. Bulk scattering can successfully be described by, e.g., radiative transfer theory, and various numerical implementations exist such as DORT2002 [5] . The total reflectance is, however, in most cases difficult to describe analytically, and especially for highly randomized dielectric turbid media with significant surface roughness. Most physically based reflectance models assume Lambertian bulk scattering combined with different models for surface reflectance [6] [7] [8] and fail to accurately predict the reflectance of this kind of substrate, with paper as a prime example [9] . Some empirical models perform better but must be fitted to data, which limits their scope of use [10] . The bulk reflectance is sometimes modeled as Lambertian bulk scattering modified by the interaction with the surface [11] [12] [13] , whereas models that describe the anisotropy of the bulk scattered light in terms of the phase scattering function often assume smooth surfaces [14] .
A reliable separation is also required when using numerical methods to estimate medium parameters from angle-resolved reflectance measurements. By taking the surface component into account, better estimations of scattering and absorption coefficient and the asymmetry factor can be obtained [15] .
Separating the bulk and surface reflectance is, however, not a straightforward task. A common method is to utilize integrating spheres with gloss traps by making measurements with and without the gloss trap. This method is, however, limited to samples with smooth surfaces where the surface reflectance is concentrated in the specular direction. Leekley et al. [16] proposed in 1970 a method utilizing linearly polarized light, relying on the assumption that the surface reflectance retains its polarization state, whereas the bulk reflectance becomes completely depolarized. The validity of these assumptions is, however, highly dependent on the surface and bulk properties of the material, which was later reported in several studies [17] [18] [19] [20] .
More refined methods for studying surface and bulk scattered light separately are those based on ellipsometric techniques [21, 22] . Angle-resolved ellipsometry has proved to be a successful technique, although the method becomes increasingly complex when analyzing highly scattering materials with significant surface roughness [23] [24] [25] [26] . A completely different approach is to coat the surface of the sample with a thin opaque metallic layer, thereby blocking the bulk reflectance [27] . The introduction of an artificial surface does, however, make the validity of subsequent conversion to uncoated surface reflectance questionable.
In the present work we evaluate an approach where we separate surface and bulk reflectance by adding dye to the sample until the point where the bulk scattering is completely canceled. The reflectance measured from these dyed samples is then pure surface scattering, which can be subtracted from measurements on undyed samples to assess the pure bulk scattering. This method does not suffer from the drawbacks of the previous approaches since we do not consider the polarization of the light or modify the samples by introducing opaque artificial surfaces.
Paper is a highly randomized dielectric turbid medium with a rough surface and significant anisotropic bulk reflectance [28, 29] . The purpose of this work is to deduce if the proposed method, realized by using ordinary printing techniques, can be applied to matte paper. More specifically, we want to investigate if the bulk reflectance of a matte paper can be completely canceled by the addition of dye, and if the surface topography can be kept intact. Glossy and semi-glossy papers are not targeted in this study, since separation using existing techniques works fairly well on samples with a smooth surface.
Method
We use a set of samples consisting of matte photo paper and apply cyan and magenta dye using an inkjet printer. The reflectance from the dyed samples is measured with a spectral goniophotometer, and the part of the reflectance spectra where light is absorbed most strongly by the dye (520-580 nm for magenta and 620-680 nm for cyan dye) is monitored. By printing the samples multiple times, with overlapping prints, the absorption is increased until no change in measured reflectance is observed. The remaining reflectance is then regarded as being solely surface reflectance. The bulk reflectance of the undyed sample is assessed by subtracting this surface reflectance from the measured total reflectance. The principle is illustrated in Fig. 1 . The reflected light is then due to surface reflection, and subtracting this from the total reflectance of the unprinted sample gives the bulk reflectance.
When using, e.g., cyan dye, the surface reflectance can be assessed only for wavelengths corresponding to the absorption band of the dye. By using dyes with different absorption bands, the spectral dependence of the surface reflectance can be evaluated. Since the surface reflectance of the undyed sample (white paper) should be spectrally neutral, we expect the surface reflectances obtained using different dyes to be equal. This is verified by comparing the results obtained using cyan and magenta dye. We verify that the topography of the surface is not altered by the dye through surface roughness measurements using an optical profilometer. Any changes of lateral variations at submicrometer scale, due to, e.g., filling of micropores, are assumed to be small.
A. Material
A commercially available white matte inkjet photo paper with a basis weight of 160 g∕m 2 is used in this study. The paper has a thin layer of top coating, consisting of silica pigments with an average particle size of a couple of micrometers. The prints are made with an HP designjet 10 ps inkjet printer using water-based dye inks. Cyan and magenta patches are printed in one to four layers. The size of each printed square is 50 mm × 50 mm. When printing several overlapping layers, the samples are allowed to dry after each print in order to avoid smearing and surface artifacts. From here on the different samples will be referred to using a notation where the letter denotes the ink used (U unprinted, C cyan, M magenta), and the number denotes the number of ink layers. For example, M4 is a sample printed with four layers of magenta ink. Images of a printed and an unprinted sample taken with a digital SLR camera connected to a light microscope are shown in Fig. 2 . Image contrast enhancement has been applied in order to simplify the comparison of the surface texture of the samples.
B. Measurements
Reflectance Measurements
the specular direction θ r 45°. The size of the illuminated area is set to 5 mm × 8 mm at normal incidence, and the aperture of the detector is adjusted so that the solid angle subtended by the detector when viewed from the sample plane is ω r 0.025 sr. All measurements are confined to the plane of incidence, i.e., the plane defined by the incident beam and the normal to the surface. The measurement geometry and defining angles are illustrated in Fig. 3 .
The goniophotometer is a double-beam instrument, were a reference beam is lead directly to the detector, allowing simultaneous determination of both the incident and reflected power [watts] . The reflectance is then given as the ratio of the measured reflected and incident power Φ r ∕Φ i . The measurements are carried out for both s-and p-polarized incident light, and the average of these measurements is taken to represent unpolarized illumination. During the measurements, the area of the sample surface viewed by the detector is larger than the illuminated area. For practical measurement conditions [30] , the bidirectional reflectance distribution (BRDF) is then given by BRDF Φ r ∕ Φ i ω r cos θ r . The radiance factor βλ can then be calculated from the measured reflectance Φ r ∕Φ i according to
where we have used the fact that β BRDF · π [31].
Surface Roughness
The surfaces were characterized with topography measurements using an Fries Research & Technology GmbH MicroProf profilometer. The instrument is a noncontact profilometer equipped with a chromatic aberration sensor with a z-resolution of 0.01 μm. An area of 40 mm × 40 mm was analyzed by scanning along the x-direction with a resolution of 4 μm. This was repeated for a total of 21 scans, separated 2 mm from each other in the y-direction. By repeating the same measurement sequence on the sample rotated 90°, topography profiles along both directions of the sample were obtained. A slope correction was performed on each profile before the RMS surface roughness R q and correlation length δ was calculated. The correlation length was taken as the value where the autocorrelation function of the height measurements has decreased to 1∕e of its original value.
Results

A. Reflectance Measurements
The results of canceling the bulk component of the reflected light by adding dye to the sample are shown in Fig. 4 . In the figure, the resulting reflectance spectra for a sample printed with multiple layers of magenta ink is shown. By inspection of the bottom figure, where the absorption band of the ink is shown in greater detail, we see that the radiance factor reaches a minimum already at one layer of ink. Although the minimum level is low, it is still significant, as seen when comparing with the corresponding measurement on a black diffuse reflectance standard. In Fig. 5 , the reflected radiance factor from an undyed sample has been separated into a bulk and a surface component. The total reflected radiance factor is shown as a solid black line. Using the surface component of the printed sample as the surface component of the unprinted sample, the bulk component is obtained by subtraction. The surface reflectance constitutes a small part of the total reflectance, but increases rapidly at large viewing angles. Furthermore, no specular reflection peak is observed, most likely due to the high surface roughness.
The surface components obtained by using dyes with different absorption bands are compared in Fig. 6 for a range of viewing angles. No significant difference in neither magnitude nor angular distribution can be observed, meaning that we find no signs of any wavelength dependence of the surface reflectance. At a viewing angle of 40°, the radiance factor of the cyan and magenta print is β c 40° 0.031 0.006 and β m 40° 0.028 0.004, respectively, where the expanded uncertainties are calculated using the standard deviation of five measurements and a coverage factor k 2. For a viewing angle of 75°, the corresponding radiance Fig. 3 . Defining angles and measurement geometry when using the ARTA goniophotometer accessory for goniophotometric measurement. Fig. 4 . Radiance factor of a sample printed with one to four layers of magenta ink measured in a 45°∕45°geometry, together with corresponding measurement on the unprinted sample and on a black diffuse reflectance standard with a nominal 8∕d-reflectance factor of 0.02. The radiance factor reaches a minimum already at one layer of ink, which is evident from the bottom image where the absorption band of the magenta ink is shown in greater detail. 
B. Surface Roughness
The surface roughness of a printed and an unprinted sample is given in Fig. 7 in terms of the power spectral density of surface topography. The results show that there is no significant difference in surface roughness between the unprinted and printed samples, meaning that the topography of the surface is unaltered. The resulting RMS roughness R q and correlation length δ of the unprinted sample (U) are R q 4.9 0.5 μm and δ 25 3 μm, respectively. Corresponding values for the printed sample (C4) are R q 5.2 0.4 μm and δ 26 3 μm, where the expanded uncertainties are calculated using a coverage factor k 2 (95% confidence level). No differences due to scanning direction were found.
Discussion
In this work the reflectance of a paper sample is separated into a surface and a bulk component by using inkjet printing technology. At wavelengths within the absorption band of the dye, a minimum reflectance level is obtained already after the application of one layer of ink. Since no further reduction is obtained when adding more dye, we conclude that the bulk reflectance has been completely canceled. When using dyes with different absorption bands, we obtain identical surface components (Fig. 6) , which means that the spectrally neutral behavior of the surface reflectance is maintained. For materials where the surface reflectance is not spectrally neutral, black dye can be used to cancel the bulk reflectance over the entire visible part of the spectrum, and the spectrally resolved surface component can thereby be obtained. However, many inkjet printers use pigment black inks and can therefore be less suitable. The topography of the surface is also maintained, at least for lateral variations down to 8 μm.
Since the average size of the silica particles is below this limit, changes at this scale are not included in the topography measurement, which is reflected in the large correlation lengths. By choosing dye (molecules, soluble) instead of pigments (particles, aggregates), no ink film is left on the surface. Any possible change in effective refractive index due to a change in surface composition [32] is therefore assumed to be small.
In this study, all measurements are angle resolved. The angular distribution is of particular interest when developing reflectance models. For situations where this information is of less importance, or where the surface reflectance level is very low, integrating spheres can be used instead. Although the samples used in this study have a top layer of silica particles, the method is equally applicable to uncoated samples.
A limitation when the method is realized by inkjet printing is that the method is invasive, and a prerequisite for the method to work is that the sample absorbs the dye. It is assumed that the sample is more or less left unaltered, especially in comparison with metal coating methods where an artificial opaque surface is introduced. However, water-based inks require that the material is unaffected by the water and does not dissolve or swell.
Conclusions
This work has shown that the reflectance from a dielectric turbid medium with a rough surface can be separated into a surface and bulk component by cancellation of the bulk reflectance. For materials like paper, the cancellation of the bulk reflectance can be accomplished by adding dye to the sample using ordinary noncontact printing techniques such as inkjet. The results show that although the surface reflectance is small in comparison with the bulk reflectance, it grows rapidly with increasing viewing angle, and can have a large influence on the overall reflectance. By taking the surface reflectance into account, improved estimations of medium parameters can be obtained. Radiance factor 640 nm (four layers of cyan) 550 nm (four layers of magenta) Fig. 6 . Surface component of the reflected radiance factor, estimated at wavelengths 640 and 550 nm by measurements on two samples printed with four overlapping layers of cyan and magenta ink, respectively. The angle of incidence is θ i 45°. No spectral dependence of the surface component is observed since the two curves coincide. The simplicity of the method makes it possible to study a range of materials that has previously been difficult to analyze with existing methods. Instead of printing, the method can also be used in the product development phase, e.g., by adding dye to a coating recipe. This method can also be a valuable tool when performing (in situ) analyses of biological tissues. Furthermore, using reflectance measurements separated into a surface and bulk component, more comprehensive reflectance models can be developed. These models can in turn be used for, e.g., visualization purposes, such as realistic rendering of complex materials or for predicting the effect of a surface treatment on the visual impression.
